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INTRODUCTION
Although relatively stable in most tissues, collagen
is rapidly turned over in several cases of morpho-
genesis (27). During anuran metamorphosis (7),
postpartum uterine involution (9), and wound
healing (6), large amounts of collagen are re-
sorbed in a short time. The enzyme responsible
for collagen degradation is thought to be a colla-
genase (13). Early attempts to demonstrate a
collagenase in systems in which active remodeling
is taking place were unsuccessful . Recently, how-
ever, Gross and his coworkers have shown that,
when pieces of tissue undergoing resorption are
grown on reconstituted collagen gel, they secrete a
collagenase capable of lysing collagen at neutral
pH and physiological temperatures (6-8).
Biochemical investigations have shown that
during remodeling of tissues hydrolytic enzymes
(such as acid hydrolases) increase many times (24,
26) . On the basis of the well known association of
hydrolytic enzymes with lysosomes, Woessner
postulated a lysosomal theory of collagen resorp-
tion (27) . According to this theory, the collagenase
secreted extracellularly breaks up the long collagen
fibers, which are then capable of being taken into
phagocytic cells where they will be further de-
graded by the lysosomal enzymes . Several light
microscopic investigations suggest that the osteo-
clast, fibroblast, foreign body giant cell, macro-
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345FIGURE 1 Electron micrograph. The connective tissue region immediately below the endometrial
lining (EL) of the mouse uterus. The macrophage (M) contains numerous vacuoles (arrows) filled with
either longitudinal, oblique, or cross-sectioned collagen fibers . There are many smooth-walled vesicles,
but few profiles of rough-surfaced endoplasmic reticulum . The fibroblast (F) has a well developed, rough-
surfaced endoplasmic reticulum with dilated cisternae . X 19,000 .phage, and endothelial cell are involved in phago-
cytosis of collagen during resorption (27) . How-
ever, Woessner, in his most recent review (27) on
the biological mechanisms of collagen resorption,
remarks that "there are few electron microscope
observations to date which could be interpreted as
showing the attack of endocytic cells on collagen
fibers."
In electron microscope studies of the involuting
rat uterus, Luse and Hutton (12) found the fibro-
blast responsible for the resorption of collagen. Un-
fortunately, they have not elaborated these find-
ings, reported in an abstract. On the other hand,
Schwarz and Güldner (21), also working on in-
voluting rat uterus, found histiocytes actively
involved in the breakdown of collagen . In view of
this discrepancy about the nature of the cell type
involved in collagen resorption, I studied the
involuting mouse uterus and found numerous
cells, identifiable as macrophages because of their
ability to pick up vital stains, in the connective
tissue of both the myometrium and endometrium .
Under the electron microscope, these macrophages
were seen to have numerous vacuoles containing
collagen fibers in various stages of disintegration .
The fine structural details related to this process
are reported below.
MATERIALS AND METHODS
For the demonstration of macrophages, 1 cc of 5%
trypan blue in sterile, normal saline was adminis-
tered intraperitoneally into mice 12 and 48 hr after
parturition. 24, 48, and 60 hr later, samples of uteri
were fixed in 10% formalin and embedded in paraf-
fin. Virgin and pregnant mice served as controls.
For the demonstration of acid phosphatase activity,
frozen sections of uteri from animals 24 and 40 hr
after parturition were incubated by the Gomori
method (5) . The control sections were incubated
without substrate. Some of the frozen sections were
also stained with oil red O .
For the demonstration of acid phosphatase activity
in the electron microscope, small pieces of uteri from
animals 24 and 40 hr after parturition were fixed in
4.5% glutaraldehyde in cacodylate buffer at pH 7 .4
FIGURE 2 Portion of a macrophage depicting the extreme activity during phagocytosis. The cytoplasm
is filled with vacuoles containing collagen fibers . X 25,000.
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347for 4 hr (20). The tissues were washed in several
changes of cacodylate buffer for 4 hr and then incu-
bated in Gomori's acid phosphatase medium for 1
hr. The incubated pieces of tissues were washed and
postfixed in 1' ;C' Os04 in cacodylate buffer for 2 hr
and processed for electron microscopy .
Samples of uteri taken from animals 24, 36, 60, and
72 hr after delivery were fixed for 2 hr at 4°C in
I °i % osmium tetroxide either in veronal acetate or in
phosphate buffer at pH 7.5 (16). The tissues were
later dehydrated in ethanol solutions of increasing
concentrations and embedded in Araldite (11) . Sec-
tions 1 µ thick were stained in 1 % toluidine blue with
borax for orientation purposes . Thin sections, cut
with a glass knife on a Porter-Blum microtome, were
doubly stained with aqueous uranyl acetate and lead
citrate (17) and examined in a Philips 300 electron
microscope.
RESULTS
Light Microscopy
The uterus of the virgin mouse was only sparsely
populated with macrophages. On the other hand,
the number of macrophages in the involuting
FIGURE 3 Electron micrograph. Portion of a macrophage showing early stages in the degradation of
collagen in the vacuoles . VI, newly engulfed collagen. V2 and Va can be considered later stages in the
process of collagen resorption. Note well developed, rough-surfaced endoplasmic reticulum (ER) . X 36,000.
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uterus increased significantly soon after parturi-
tion. Most of these macrophages, which can be
stained vitally by trypan blue, were distributed in
the connective tissue of both the endometrium
and myometrium. Numerous lipid droplets, de-
monstrable by oil red 0, characterized the macro-
phages of the involuting uterus .
During involution, the acid phosphatase ac-
tivity increased rapidly until the 4th day after
parturition and was localized mainly in the macro-
phages and, to a lesser extent, in the endothelial
lining cells.
Electron Microscopy
The uterine macrophages of the virgin and preg-
nant animals were comparatively quiescent . Both
types of macrophages had a moderately developed
Golgi complex consisting mostly of a few electron-
lucent smooth vesicles. The rough endoplasmic
reticulum was inconspicuous, but large numbers of
free ribosomes were sometimes present in the cyto-
plasm. The nucleus was irregularly shaped .
24 hr after parturition, the macrophages of theinvoluting uterus had undergone marked morpho-
logical alterations (Fig. 1). The elements of the
Colgi complex, which now consisted of numerous
smooth-walled tubules and vesicles, had increased
strikingly. Several profiles of rough endoplasmic
reticulum with attached ribosomes were dis-
tributed throughout the cytoplasm . The cells also
contained many smooth-walled vacuoles of various
sizes.
Macrophages that had begun to engulf collagen
had elongated cytoplasmic processes (Fig . 1) . The
plasma membranes of these cells were compara-
tively smooth with only a few invaginations. In the
cytoplasm, several vacuoles of various sizes con-
tained collagen fibers varying in number from one
to many. Depending upon the arrangement of the
collagen, the vacuoles contained either longitudi-
nal, oblique, or cross-sectioned fibers (Fig. 1) .
As the macrophages became actively phago-
cytic, the entire cell was filled with vacuoles that
contained collagen fibers undergoing degradation
(Figs. 2-4) . During this stage, it was almost im-
possible to follow the cell boundaries because of
the extreme invaginations which they had under-
gone during phagocytosis. This frenzy of activity
is reflected in Fig. 2.
Along with the phagocytic activity, the cell con-
comitantly had begun to degrade the engulfed
collagen. Newly engulfed collagen when sectioned
longitudinally exhibited the characteristic banding
of collagen (Figs. 1-4). Many of the vacuoles con-
tained collagenous material that had already lost
its banding pattern (Figs. 3, 4). Thus, it was possi-
ble to identify in the vacuole morphology a series
of stages that ranged from those containing newly
engulfed collagen to those containing an amor-
phous material, presumbly degraded collagen (Figs.
3, 4) .
Several of the vacuoles containing collagen had
acid phosphatase activity, the reaction product al-
ways being located within the vacuoles (Fig . 5) .
Some of the adjacent vacuoles, however, lacked re-
FIGURE 4 Electron micrograph. Some of the later stages in the resorption of collagen. Some vacuoles
(V) contain collagen that has already lost its characteristics. In one of the vacuoles, beginnings of a myelin
figure (MF) can be seen. Several lipid droplets (LD) and smooth-walled vesicles are distributed through-
out the cytoplasm. X 24,000.
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349FIGURE 5 Portions of macrophages showing the location of acid phosphatase. The reaction products
are localized exclusively in the vacuoles containing collagen (arrows) and in the residual bodies (R) . Note
the complete absence of reaction products outside the cells . X 24,000. Inset. An enlarged view of a vacuole
containing collagen, showing acid phosphatase confined within the membranes of the vacuole . X 50,000.action product and could be newly formed ones
that had not yet acquired acid hydrolases . Reac-
tion product was also found on many of the
residual bodies.
Macrophages from uteri that had undergone 60
hr of involution contained many membrane-
bounded structures of various sizes (Figs . 6, 7) .
Some of these structures appeared as myelin figures
with whorls of membranes, others as typical
residual dense bodies .
72 hr after parturition, the macrophages had
numerous residual dense bodies but very few
membrane-bounded myelin figures (Fig. 8) .
Apart from the above characteristics, the macro-
phages at this stage were morphologically similar
to those from virgin or pregnant animals .
DISCUSSION
During the postpartum involution of the uterus,
macrophages increase in number in the connective
tissue of the myometrium and endometrium (4,
10) . Lobel and Deane (10) have demonstrated that
the macrophages of the involuting rat uterus, be-
sides being markedly reactive for acid phospha-
tase, contain large accumulations of lipids . The
present study on the involuting mouse uterus not
only confirms these findings, but also identifies the
invading cells as macrophages stainable with a
vital dye such as trypan blue .
Although the origin of uterine macrophages
during involution is uncertain, evidence shows that
similar cells arise from the blood monocytes (4,
25). Studies of tissue culture have demonstrated
that blood monocytes transform into macro-
phages (22, 25). During this transformation, the
macrophages acquire their identifying characteris-
tics. However, the possibility cannot be ruled out
that the increase in the number of macrophages
during involution is due to the increased mitotic
activity of the resident population of macrophages
in the uterus.
Several biochemical investigations have shown
that, during involution of the uterus, acid hy-
drolases increase severalfold (9, 26) and are related
FIGURES 6 and 7 Electron inicrographs . Portions of macrophages that have been actively phagocytic
for at least 60 hr. Many membrane-bounded bodies contain myelin-like figures (MF) . Occasionally,
residual bodies (D) are also seen. X 30,000.
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351FIGURE 8 A macrophage from a uterus that has undergone 79 hr of involution. There are several re-
sidual dense bodies (D) and lipid droplets (LD) in the cytoplasm. The Golgi complex (G) and the rough-
surfaced endoplasmic reticulurn are relatively inconspicuous . X 17,000.
to collagen breakdown. The histochemical demon-
stration of acid phosphatase and of its precise lo-
calization in the vacuoles containing collagen in
the macrophages of the involuting mouse uterus
establishes the active role of acid hydrolases in the
resorption of collagen . A similar increase in acid
phosphatase activity has been shown to charac-
terize actively phagocytic macrophages from other
locations, such as the lung and peritoneum (1, 14,
15).
Recent studies of the fine structure of stimulated
macrophages in culture (2, 3, 22) and during
wound healing (19) have shown that, when macro-
phages begin to be actively phagocytic, the ele-
ments of both the rough-surfaced endoplasmic
reticulum and the Golgi complex increase . The
hypertrophied, synthesizing organelles are thought
to be responsible for the elaboration of hydrolytic
enzymes. In the present study, a similar increase
in the synthesizing organelles of the actively
phagocytic uterine macrophages indicates the role
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that these organelles play in synthesizing lysoso-
mal enzymes. The histochemical demonstration of
increased amounts of acid phosphatase in the
macrophages during involution lends further sup-
port to these data.
The functional significance of numerous macro-
phages in the postpartum uterus has remained
obscure (10, 27) . However, the findings of the
present study-the presence in the macrophages
of numerous vacuoles containing collagenous ma-
terial in different stages of degradation-indicate
that the macrophages are involved in collagen
resorption. This result concurs with that of
Schwarz and Güldner, who have shown vacuoles
containing collagen in the involuting rat uterus
(21) . After continuous ingestion of collagen, mac-
rophages of the mouse uterus become loaded with
numerous large membrane-bounded myelin fig-
ures. These whorls of membranous material prob-
ably are the undigested end product of collagen
breakdown stored by the cell. Similar myelin-likefigures have also been reported in the monocytes
of healing wounds (19) and in other phagocytic
cells after ingestion of extracellular protein.
Very few electron microscope investigations
have been able to demonstrate collagen fibers in-
side cells (21, 23) . Lack of resolution of the elec-
tron micrographs imposed serious limitations on
such studies and left two possibilities unresolved :
(I) that the collagen fibers are synthesized inside
the cells; (2) that the vacuoles containing collagen
fibers are continuous with the outside . The first
possibility can be ruled out by overwhelming evi-
dence that collagen is polymerized extracellularly
from the secreted tropocollagen molecules (18) ;
the second, by the demonstration in the present
study of acid phosphatase reaction products in
many of the vacuoles containing collagen .
These morphological findings support the
lysosomal theory of collagen resorption postulated
by Woessner (27) and based mainly on biochemi-
cal evidence. Furthermore, they establish that the
cell type involved in the resorption of collagen in
the involuting mouse uterus is a macrophage .
However, Gross et al. have demonstrated colla-
genase during the involution of the rat uterus (8) .
This enzyme may be involved only in breaking
up the long collagen fibrils into smaller bits so
REFERENCES
1 . COHN, Z. A., and E. WEINER. 1963. The particu-
late hydrolases of macrophages. II. Biochemi-
cal and morphological response to particle
ingestion. J. Exp. Med. 118:1009.
2. COHN, Z. A., J. G. HIRSCH, and M . E. FEDORKO.
1966 a. The in vitro differentiation of mono-
nuclear phagocytes. IV. The ultrastructure of
macrophage differentiation in the peritoneal
cavity and in culture. J. Exp. Med. 123:747.
3. COHN, Z. A., M. E. FEDORKO, and J. G. HIRSCH.
1966 b. The in vitro differentiation of mono-
nuclear phagocytes. V. The formation of
macrophage lysosomes. J. Exp. Med. 123:757.
4. DENO, R. A. 1936. Uterine macrophages and
their relation to involution . Anat. Rec. 60:433.
5. GoMORI, G. 1952. Microscopic Histochemistry :
Principles and Practice . University of Chicago
Press, Chicago, Ill.
6. GRILLO, H. C., and J. GROSS. 1967. Collageno-
lytic activity during mammalian wound
repair. Develop. Biol. 15:300.
7. GROSS, J. 1964. Studies on the biology of connec-
tive tissues. Remodeling of collagen in meta-
morphosis. Medicine. 43:291.
8. GROSS, J., C. M. LAPIERE, and M. L. TANZER,
that they can be readily phagocytosed by the
macrophages. In this connection, it should be
pointed out that animal collagenase, unlike bac-
terial collagenase, is incapable of completely de-
grading collagen (27) .
SUMMARY
Uteri from mice were examined in the electron
microscope at 24, 36, 60, and 72 hr after parturi-
tion. During uterine involution, numerous macro-
phages were found in the connective tissue of the
myometrium and endometrium. The cytoplasm
of the macrophages has numerous vacuoles filled
with collagen in various stages of degradation.
Histochemical studies showed that the macro-
phages during involution were highly reactive
for acid phosphatase which was localized in the
vacuoles containing collagen . Data from the pres-
ent study support the lysosomal theory of collagen
resorption postulated by Woessner .
This is publication No. 365 from the Oregon Regional
primate Research Center, supported in part by Grant
No. FR00163 from the National Institutes of Health .
Received for publication 4 November 1968, and in revised
form 16 December 1968 .
1963. Organization and disorganization of
extracellular substances: The collagen system .
In Cytodifferentiation and Macromolecular
Synthesis. M. Locke, editor. Academic Press
Inc,, New York. 175.
9. HARKNESS, R. D., and B. E. MORALEE. 1956. The
time course and route of loss of collagen from
the rat uterus during post-partum involution.
J. Physiol. 132:502.
10. LOBEL, B. L., and H. W. DEANE. 1962. Enzymic
activity associated with postpartum involution
of the uterus and with its regression after hor-
mone withdrawal in the rat. Endocrinology.
70:367.
11 . LUFT, J. H . 1961 . Improvement in epoxy resin
embedding methods. J. Biophys. Biochem .
Cytol. 9:409.
12. LusE, S., and R. HUTTON. 1964. An electron
microscopic study of the fate of collagen in the
post-partum rat uterus. Anat. Rec. 148:308.
13. MANDL, I . 1961 . Collagenases and elastases .
Advan. Enzymol. 23:163.
14. NORTH, R. J., and G. B. Mackaness. 1963.
Electron microscopical observations on the
peritoneal macrophages of normal mice and
B R I E F N 0 T E S
	
353mice immunized with Listeria monocytogenes. 1.
Structure of normal macrophages and the
early cytoplasmic response to the presence of
ingested bacteria. Brit. J. Exp. Pathol. 44:601 .
15. NORTH, R. J., and G. B. MACRANESS. 1963.
Electron microscopical observations on the
peritoneal macrophages of normal mice and
mice immunized with Listeria monocytogenes. II.
Structure of macrophages from immune mice
and early cytoplasmic response to the presence
of ingested bacteria . Brit. J. Exp. Pathol. 44:608.
16. PALADE, G. E. 1952. A study of fixation for
electron microscopy . J. Exp. Med. 95:285.
17. REYNOLDS, E. S. 1963. The use of lead citrate at
high pH as an electron-opaque stain in electron
microscopy. J. Cell Biol. 17:208.
18. Ross, R. 1968. The connective tissue fiber form-
ing cell. In Treatise on Collagen . Part A,
Biology of collagen . B. S. Gould, editor.
Academic Press Inc., New York. 2 :1 .
19. Ross, R., and R. ODLAND. 1968. Human wound
repair. II. Inflammatory cells epithelial-
mesenchymal interrelations, and fibrogenesis .
J. Cell Biol. 39:152.
20. SABATINI, D. D., K. BENSCH, and R. J. BARRNETT.
1963. Cytochemistry and electron microscopy .
The preservation of cellular ultrastructure and
enzymatic activity by aldehyde fixation . J.
Cell Biol. 17 :19.
21. SCHWARZ, W., and F. H. GeLDNER. 1967. Elek-
tronenmikroskopische Untersuchungen des
354
	
B R I E F N 0 T E S
Kollagenabbaus im Uterus der Ratte nach der
Schwangerschaft. Z. Zellforsch. 83 :416.
22. SUTTON, J. S., and L. WEISS. 1966. Transforma-
tion of monocytes in tissue culture into macro-
phages, epitheloid cells, and multinucleated
giant cells. An electron microscope study . J.
Cell Biol. 28:303.
23 . USUKU, G., and J . GROSS. 1965. Morphologic
studies of connective tissue resorption in the
tail fin of metamorphosing bullfrog tadpole .
Develop. Biol. 11 :352.
24. WEBER, R. 1963. Behavior and properties of
acid hydrolases in regressing tails of tadpoles
during spontaneous and induced metamorpho-
sis in vitro. In Lysosomes. A. V. R. de Renck
and M. P. Cameron, editors . Little, Brown &
Co., Boston. 282.
25. WEISS, L. P., and D. W. FAWCETT. 1953. Cyto-
chemical observations on chicken monocytes,
macrophages and giant cells in culture . J.
Histochem. Cytochem. 1:47.
26. WOESSNER, J. F. 1965. Uterine involution and
collagen breakdown. In The Structure and
Function of Connective and Skeletal Tissues.
S. Fitton Jackson, R . D. Harkness, S . M.
Partridge, and G . R. Tristram, editors. Butter-
worth, London. 442.
27. WOESSNER, J. F. 1968. Biological mechanisms of
collagen resorption . In Treatise on Collagen.
Part B, Biology of Collagen. B. S. Gould, editor.
Academic Press Inc., New York. 2:253.